Correlation between the Keyhole Depth and the Frequency Characteristics of Light Emissions in Laser Welding  by Mrňa, L. et al.
 Physics Procedia  41 ( 2013 )  469 – 477 
1875-3892 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
doi: 10.1016/j.phpro.2013.03.103 
 
Lasers in Manufacturing Conference 2013 
Correlation between the keyhole depth and the frequency 
characteristics of light emissions in laser welding 
*  
Institute of Scientific instruments, AS CR, Královopolská 147, 612 64 Brno, Czech Republic 
Abstract 
This paper presents a study of the frequency characteristics of the light emissions in laser beam welding. It is based on 
short-time frequency analysis of the light intensity oscillations and it results in the identification of the parameter directly 
correlated to the actual depth of penetration. Applicability of this parameter for characterization of the welds is 
demonstrated for a variety of welding parameters settings usually used in industrial practice. In addition, the method of 
short-time frequency analysis is used to detect the eigenfrequencies of keyhole oscillations which are hardly observable by 
other methods. 
 
© 2013 The Authors. Published by Elsevier B.V.   
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.) 
 
Keywords: Laser welding; keyhole depth; light intensity oscillations; frequency analysis. 
1. Introduction 
The deep penetration laser welding represents a modern technology widely used in industrial 
manufacturing. Its principle lies in interaction of a high power laser beam with a metal workpiece, during 
which a thin capillary, called keyhole, is formed within the workpiece as described by Kaplan, 1994 or 
Otto et al., 2011. The keyhole depth determines the depth of the resulting weld and, therefore, represents an 
important characteristic of the welding process. However, due to the high temperature of the plasma filling the 
keyhole and forming a bright plume above it, the direct measurement of the keyhole depth is impossible.  
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Fig. 1. Experimental setup of the laser welding machine: 1  laser beam, 2  coaxial nozzle, 3  shielding gas, 4  plasma plume,   
5  workpiece, 6  neutral density absorptive (grey) filter, 7  photodetector , 8  photodetector mounting tube, 9  amplifier with 
adjustable gain, 10  data acquisition device, 11  personal computer with control software. 
In recent years, a number of studies have been carried out to find a parameter which is correlated to the 
depth of keyhole and which can be inferred from the measurable process characteristics. However, the studies 
based on simple statistical analysis of the light intensity coming from the interaction zone such as by Sibillano 
et al., 2005 or Haran et al., 1997  have not found any such parameter. The more sophisticated studies based on 
frequency analysis of the light intensity oscillations such as by Nakamura et al., 2000 revealed that the 
frequency spectrum differs for the deep and shallow penetration, but the suitable parameter correlated to the 
actual weld depth also has not been found. 
In this paper we build on our previous studies (Mrna et al., 2012, Sarbort et al., 2013  in review) and we 
present a detail study of the light intensity oscillations by means of the short-time frequency analysis, which 
results in identification of desired parameter directly correlated to the actual depth of penetration. We discuss 
the experiments leading to this result and we demonstrate the applicability of this parameter for 
characterization of the welds for a variety of welding parameters settings usually used in industrial practice. In 
addition, we show that the method of short-time frequency analysis can also serve to detect the 
eigenfrequencies of keyhole oscillations described by Kroos et al., 1993 which are hardly observable by other 
methods. 
2. Theoretical and Experimental Study 
The starting point of seeking for a deterministic indicator (parameter) that would be directly correlated to 
the keyhole depth was represented the following physical considerations. When the most important welding 
parameters such as the welding speed, the laser beam power and its geometry are chosen optimally, the 
welding process is relatively stable, the keyhole depth remains constant and the resulting weld bead is smooth. 
On the contrary, when the welding parameters are chosen inappropriately, the welding process becomes 
unstable, the keyhole and the melt pool around it significantly oscillate which results in variable weld depth 
and rough surface of the weld bead. The oscillations of the system are inevitably reflected in the dynamics of 
the plasma plume, so it is expectable that also the frequency characteristics of observed light intensity are 
affected by these oscillations. Therefore, it is natural to seek for a correlation between the keyhole depth and 
the frequency characteristics of the light intensity oscillations. 
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Fig. 2. A sketch of the characteristic frequency spectrum (solid) and the straight line resulting from the linear regression (dashed) in the 
case of deep and shallow penetration. The sum of squared residuals S is smaller in the case of deep penetration because the amplitudes 
are more evenly distributed. 
The method we have chosen to reveal the desired correlation lies in experimental study of the laser welding 
process with time-varying welding parameters. To avoid ambiguity in interpretation, we designed and 
performed a set of testing welds with only one time-varying welding parameter while the others were fixed. 
These experiments were carried out for two different welding machines  the Fig. 1 shows a generic setup. 
One was equipped with a 4 kW CO2 laser source operating at a wavelength of 10.6 m and the other utilized 
a 2 kW Yb:YAG laser operating at 1.06 m. A variety of welding parameters settings was used  the carbon 
and stainless steel as a workpiece material, the laser beam power 1 4 kW, the welding speed 10 50 mm/s and 
the focus position from 3 mm above to 5 mm below the workpiece surface. During the experiments the 
intensity of light emissions was continuously detected by a photodetector operating in the wavelength range 
190 1100 nm, sampled with frequency 20 kHz and stored in PC for further processing.  
The evaluation of each weld consisted of a mutual comparison of relevant process characteristics. First one 
was a waveform of the signal from the photodetector acquired during the testing weld. Second one was 
a penetration depth obtained from a longitudinal section of the weld and/or the images of the weld bead and 
the weld root. Third characteristic  revealing the frequency properties of the light intensity oscillations  was 
represented by a spectrogram, i.e. a waterfall graph showing the time-varying frequency spectrum of recorded 
signal calculated by the discrete short-time Fourier transform in the frequency range of 0 10 kHz. More 
specifically, the frequency spectrum corresponding to a given time instant was calculated from 256 preceding 
points of the recorded signal while the Hamming window was used as a window function. The resulting 
complex amplitudes of frequency spectrum were converted to absolute values and normalized to unity which 
allowed objective comparison of the frequency spectra corresponding to different time instants.  
A comparison of the spectrogram and the longitudinal section of the weld revealed that there exists 
a correlation between the depth of penetration and the character of the frequency spectrum  in case of 
shallow penetration the low frequencies become more significant while in case of deep penetration the 
frequency spectrum becomes more evenly distributed (see Fig. 2). This phenomenon was observed for a wide 
range of the welding parameters and lead to identification of a parameter correlated to the actual depth of 
keyhole. The identification was based on an analogy with acoustics, where a character of the noise is given by 
a color according to the distribution of amplitudes in the frequency spectrum (in fact, the color of noise is 
given by the slope of a line fitted by means of linear regression to the frequency spectrum in the logarithmic 
scale). Finally, after a detail analysis of the spectrograms, we concluded that the parameter correlated to the 
penetration depth is represented by a sum of squared residuals S resulting from the linear regression of the 
normalized frequency spectrum within the frequency range 0 10 kHz. Then the maximum weld depth 
correlates with the minimum of the coefficient S since in such case the amplitudes of frequency spectrum are 
most evenly distributed (in certain sense, this can be considered as an analogy to the acoustic white noise that 
is characteristic by uniform distribution of amplitudes in the frequency spectrum).  
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Fig. 3. Evaluation of the testing weld carried out by CO2 laser welding machine for the 10 mm carbon steel, the argon shielding gas, the 
laser beam power 2.4 kW and the welding speed 16.7 mm/s. The focus position of the laser beam was continuously changed from 3 mm 
above to 5 mm below the workpiece surface and back as indicated by the green line involved in the graph of intensity. 
A further analysis of spectrograms has shown that the correlation between the maximum of the penetration 
depth and the minimum of the coefficient S is independent of the particular choice of welding parameters. 
Therefore, it represents a powerful tool for weld evaluation which allows finding an optimum parameters 
settings corresponding to the maximum weld depth. We discuss this phenomenon in detail in the following 
section devoted to the particular examples that demonstrate validity of the described correlation. 
3. Examples of Experiments 
Let us now demonstrate the correlation between the penetration depth and the coefficient S on several 
examples that represent the performed experiments.  
We start with an example shown in Fig. 3 that corresponds to the testing weld performed by CO2 laser 
welding machine for a 10 mm thick sheet of carbon steel, the laser power 2.4 kW and the welding speed 
16.7 mm/s. The time-varying parameter was the focus position of the laser beam with respect to the 
workpiece, which was continuously changed from 3 mm above to 5 mm below the workpiece surface. It is 
evident that all the process characteristics significantly change along the weld and that the regions of the deep 
penetration correspond to the lower values of the coefficient S. However, the correlation is not completely 
clear because of the fine oscillations of S. To avoid this problem, it was necessary to employ a moving 
average filter. Then it became clear that the minimum of the averaged coefficient S indicated by the red line 
corresponds to the maximum penetration depth.  
Two following examples shown in Fig. 4 and 5 correspond to the testing welds carried out by Yb:YAG 
fiber laser welding machine for a 3 mm thick sheet of carbon and stainless steel, respectively. In both cases, 
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the laser beam power was 1.0 kW, the welding speed was 10 mm/s and the time-varying parameter was again 
the focus position of the laser beam which varied from 3 mm above to 5 mm below the workpiece surface. 
A high thermal conductivity of the carbon steel caused that the full penetration was achieved only within 
a certain region as is apparent from the photo of the weld root. However, it is clear that this region 
corresponds to the minimum of the coefficient S. On the contrary, a low thermal conductivity of the stainless 
steel caused that the full penetration was achieved along the entire weld. However, the character of the weld 
root reveals that the welding process is more stable within the region corresponding to minimal S. The 
different material properties of the carbon and stainless steel also caused that the minimum of S and, 
therefore, the optimum of the welding process was achieved for different focusing of the laser beam.  
The next two examples shown in Fig. 6 and 7 are quite similar to each other. Both of these welds were 
carried out by Yb:YAG fiber laser welding machine for an 8 mm thick sheet of carbon steel, the welding 
speed  10 mm/s and the focus of the laser beam located 1 mm below the workpiece surface. The laser beam 
power was changed from one constant level to another in the middle of the weld (from 1.0 kW to 1.3 kW in 
Fig. 6 and from 0.8 kW to 1.5 kW in Fig. 7). As a consequence, the penetration depth as well as the average 
value of the coefficient S was significantly changed. However, in both cases the region of deeper penetration 
corresponds to the lower level of S.  
The last example shown in Fig. 8 is quite similar to the previous two. This was performed by Yb:YAG 
fiber laser welding machine for an 8 mm thick sheet of carbon steel, the laser beam power 1.0 kW and the 
focus of the laser beam located 1 mm below the workpiece surface. The welding speed was abruptly changed 
from 10 mm/s to 15 mm/s in the middle of the weld.  This resulted in a decrease of the penetration depth and a 
corresponding increase of S.  
In addition, the method of short-time frequency analysis has proven to be applicable also for detection of 
the eigenfrequencies of the keyhole oscillations, which may occur during the welding process. In fact, these 
are apparent in several presented spectrograms as the significant maximum of the amplitudes moving in the 
frequency band 0 2 kHz. As an example, we show in Fig. 9 a detail of the spectrogram corresponding to the 
testing weld carried out by Yb:YAG fiber laser welding machine for a 10 mm thick sheet of carbon steel, the 
laser power 1.0 kW and the welding speed 10 mm/s. The focus position of the laser beam was changed from 3 
mm above to 5 mm below the workpiece surface. The eigenfrequencies of the keyhole oscillations are 
represented by a significant maximum of the amplitudes moving in the frequency band 0.5 2 kHz.   
4. Results and Discussion 
Our proposed approach, based on the frequency analysis of the light intensity oscillations, has been proven 
to be very suitable for studying the laser welding process. The spectrograms revealed the oscillations of the 
system very clearly and allowed to identify the coefficient S directly correlated to the penetration depth.  
Although this correlation is very promising, there are several limitations of this approach regarding the 
possible applications. Clearly, the relation between the penetration depth and coefficient S is nonlinear and, 
therefore, the penetration depth can be determined only relatively. A detail study of the relation between the 
penetration depth and coefficient S remains as a task for future. Another unpleasant feature is represented by 
the fine oscillations of S. The relevant information about the penetration depth can be inferred only using an 
additive averaging, which limits the bandwidth response of a control system based on this approach. In 
addition, the sensitivity of S on changes of the welding parameters is relatively low, so that finding their 
optimal settings is still difficult. 
 
474   L. Mrnˇa et al. /  Physics Procedia  41 ( 2013 )  469 – 477 
 
 
Fig. 4. Evaluation of the testing weld carried out by Yb:YAG fiber laser welding machine for the 3 mm carbon steel, the argon shielding 
gas, the laser beam power 1.0 kW and the welding speed 10 mm/s. The focus position of the laser beam was continuously changed from 
3 mm above to 5 mm below the workpiece surface as indicated by the green line involved in the graph of intensity.  
 
 
Fig. 5. Evaluation of the testing weld carried out by Yb:YAG fiber laser welding machine for the 3 mm stainless steel, the argon 
shielding gas, the laser beam power 1.0 kW and the welding speed 10 mm/s. The focus position of the laser beam was continuously 
changed from 3 mm above to 5 mm below the workpiece surface as indicated by the green line involved in the graph of intensity. 
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Fig. 6. Evaluation of the testing weld carried out by Yb:YAG fiber laser welding machine for the 8 mm carbon steel, the argon shielding 
gas, the welding speed 10 mm/s and the focus position 1 mm below the workpiece surface. The laser beam power was changed from 
1.0 kW to 1.3 kW in the middle of the weld.  
 
 
Fig. 7. Evaluation of the testing weld carried out by Yb:YAG fiber laser welding machine for 8 mm carbon steel, argon shielding gas, 
welding speed 10 mm/s and focus position 1 mm below the workpiece surface. The laser beam power was changed from 0.8 kW to 
1.5 kW in the middle of the weld. 
476   L. Mrnˇa et al. /  Physics Procedia  41 ( 2013 )  469 – 477 
 
 
Fig. 8. Evaluation of the testing weld carried out by Yb:YAG fiber laser welding machine for the 8 mm carbon steel, the argon shielding 
gas, the laser beam power 1.0 kW and the focus position 1 mm below the workpiece surface. The welding speed was changed from 
10 mm/s to 15 mm/s in the middle of the weld.  
 
 
Fig. 9. The spectrogram showing the eigenfrequencies of the keyhole oscillations. The corresponding testing weld was carried out by 
Yb:YAG fiber laser welding machine for the 10 mm thick sheet of carbon steel, the argon shielding gas, the laser power 1.0 kW and the 
welding speed 10 mm/s. The focus position of the laser beam was varied from 3 mm above to 5 mm below the workpiece surface. 
 
On the contrary, there are several advantages that make the found correlation valuable. As demonstrated in 
the previous section, it is universally applicable to a wide range of the welding parameters including the 
different types of laser welding machines operating at different wavelengths. Note that we obtained the 
similar frequency characteristics of the light intensity oscillations although the absorption of plasma and 
consequently the temperature of the plasma plume differ significantly for different wavelengths of the laser 
beam. The next advantage lies in the fact that the correlation is valid for both the partially and the fully 
penetrated welds. Finally, this correlation can be used for optimization of the welding parameters settings 
without having to analyze the plenty of testing welds, which likely to be time- and resource- consuming. 
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5. Conclusion 
We have carried out an extensive set of experiments to study the laser welding process. The experiments 
proved that there exist a correlation between the penetration depth and the frequency characteristics of the 
light intensity oscillations represented by the coefficient S. This correlation is valid for a wide range of 
welding parameter settings and allows inferring the information about relative changes in penetration depth 
and the dynamics of the weld pool. Therefore, this correlation can be used as a ground for a proposal and 
a realization of a universal method for optimization and control of the laser welding process. 
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